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Investigation of Collision Probability of Electrons and Ions

with Alkali Metal Atoms

Final Progress Report - April 22, 1964, through July 21, 1966

Contract NAS3-L1T71

Summary

This report is a summary of the experimental and analytical research in-
vestigations conducted at the United Aircraft Research Laboratories to determine
the collision cross sections for electrons and cesium ions interacting with cesium
atoms over the energy range of importance to ignited-mode thermionic converter
operation. This work, which was conducted during the period from April 22, 1964,
through July 21, 1966, represents a logical extension of collisional studies con-
ducted under NASA Contract NASr-112.

In the first year of the contract, the momentum transfer collision
probability for electrons interacting with cesium atoms was determined over an
energy range from 0.2 to 0.6 eV by measuring the transport properties of the
plasma existing in the positive column of a cesium arc discharge. The total
cesium ion-cesium atom collision probability data previously obtained by beam
techniques in a modified Ramsauer cross-section experiment under Contract
NASr-112 were analyzed to determine low-energy cesium ion mobilities, and fur-
ther investigations of the low-energy cesium ion-cesium atam collision cross
sections were made in an effort to extend the energy range of these measurements.
In the course of these investigations, ion beams with energies as low as 0.058 eV
were detected successfully. The results of the ion mobility analysis were re-
ported at the IEEE Thermionic Conversion Specialist Conference held in Cleveland,
Ohio, on October 26 through 28, 1964, and the over-all results of both the electron-
cesium atom and the cesium ion-cesium atom collision probability measurements were
reported in two papers presented at the Fourth International Conference on the
Physics of Electronic and Atomic Collisions held in Quebec, Canada, on August 2
through 6, 1965.

In the second year of the contract, a modified Brode-type experiment
was designed and constructed in order to measure low-energy electron-cesium atom
total collision cross sections. With this system electron beams with energies as
low as 0.095 eV have been successfully detected.

A knowledge of both the collision probability of electrons and cesium
ions with cesium atoms is essential in order to meaningfully analyze the neutrali-
zation plasma existing in the ignited-mode thermionic converter and other devices
employing cesium vapor in an ilonized state.

-1-
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ELECTRON-CESIUM ATOM COLLISION PROBABILITY MEASUREMENTS (MOMENTUM TRANSFER)

1. Introduction

Electron momentum transfer collisions play a dominant role in the deter-
mination of plasma transport properties, such as electrical and thermal conductivity,
diffusion coefficients, and thermoelectric coefficients. These transport proper-
ties can usually be expressed in terms of an effective electron momentum transfer
collision frequency representing the velocity average of electron-heavy particle
collisions. Therefore, quantitative knowledge of the effective collision frequency
for electrons in cesium plasmas bears directly on the physical properties of
plasmas existing in many devices of current interest. In most practical cesium
devices electron mean energies are between 0.1 and 1.0 eV. Unfortunately, in
this range there is approximately an order of magnitude variation in the reported
values of effective collision frequency as determined from measurements of various
plasma transport properties.

With a knowledge of the velocity dependence of the electron-cesium atom
mamentum transfer cross section, the effective collision frequency can be deter-
mined. Monoenergetic electron beam techniques are particularly well suited for
determining this velocity dependence, particularly for electron energies in excess
of a few electron volts. However, many beam experiments result in a "total"
elastic scattering cross section which may be quantitatively compared with the
"momentum transfer" cross section of significance in the analysis of plasma trans-
port effects, only if the scattering is isotropic. As an alternative the so-
called electron "swarm" experiments provide a means whereby momentum transfer col-
lisional interactions can be investigated. Application of this technique, re-
quiring the measurement and analysis of electron transport properties, is the
subject of this section of the report.

An arc discharge in cesium was chosen as the laboratory plasma for
this investigation because the variations in electron temperature and degree of
ionization in the positive column of the discharge were in the range of interest.
Measurement of plasma properties under conditions of known discharge current and
axial electric field produced sufficient information to determine the dc electri-
cal conductivity which can be expressed in terms of an effective collision fre-
quency. Once the effective collision frequency was obtained experimentally as a
function of electron temperature and degree of ionization, a numerical analysis
of the velocity integral describing the effective collision frequency was under-
taken in order to determine the velocity structure of the electron-cesium atom
momentum transfer cross section in the appropriate electron velocity range. A
trial-and-error procedure was followed until the cross section resulting in the
best fit between the calculated and measured effective collision frequency was
obtained. The electron-atom momentum transfer cross section determined in this
manner was then used to calculate the effective collision frequency over an
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extended range of electron temperature and degree of ionization sc that comparison
could be made with the data available in the literature. The results of this com-
parison, based on an effective collision frequency formulation including the ef-
fect of electron-ion as well as electron-atom collisions, are described in detail
in subsequent paragraphs. A comparison is also made between the electron-atom
cross section determined from this analysis and that predicted theoretically.

2. Theory and the Plasma Model

In this section the relationship between current flow and axial electric
field in the cesium arc column will be derived in terms of the measurable plasma
properties, and the effective momentum transfer collision frequency will be defined.
The equation describing the electron current flow through a plasma under the in-
fluence of a dc electric field is derived on the basis of the well-known Lorentz
model. On this basis the following equation may be obtained for the electron cur-

rent density, J:1,2,3
(s o]
47 neez v (0f/0v) (1)
J= - dvE b4
3 m Jy Veglv)+ %ilv)
where
m is the electron mass;
e is the electron charge;
v is the electron velocity;
ng is the electron number density;
E is the electric field intensity;
fo is the isotropic part of the electron velocity distribution

function normalized to unity;

vea(v) is the elastic electron-atom collision frequency for momentum
transfer;

Vei(v) is the elastic electron-ion ccllision frequency for momentum
transfer.

The coefficient of the electric field intensity, E, on the right-hand side of
Eg. 1 is the plasma electrical conductivity. In the derivation of £g. 1 it has
been assumed that the plasma is homogeneous, that the collisicnal friction force
exerted on electrons is due to elastic momentum transfer encounters with heavy
particles which are assumed infinitely massive in comparison with electrons, and
that electron-electron encounters have no direct influence on the momentum of thc
electron gas. The velocity-dependent electron-atom and electron-ion momentum
transfer collision frequencies appearing in Eq. 1 are related to their respective
momentum transfer cross sections by the usual relations

Vag (V) = Ng Qgqlvlv Vi (V) = nj Qgi VIV, (2)
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where
n is the atom number density;
Qea(v) is the elastic electron-atom momentum transfer cross section;
ny is the ion number density (assumed equal to the electron number
density);
Qei(v) is the effective elastic electron-ion momentum transfer cross
section.
The effective electron-ion cross section is given by the following expression:l’u
3/2
. et 12 mlekTa/e?)
Qi (V) = 754 109 72 , (3)
472 MV Ne

where

€o is the permittivity of free space;
k is Boltzmann's constant;
Te is the electron temperature.

For the cesium arc discharge plasma, the relatively high degree of ioni-
zation results in extremely short electron thermalization times. Therefore, as
has been verified experimentally, electron-electron collisions are instrumental
in establishing a Maxwellian distribution of electron velocities at least for the
body of slow electrons responsible for the transport properties in the plasma.
Using the Maxwellian form for the electron velocity distribution and Eq. 2 relat-
ing collision frequency to cross section results in the following expression for
the current density:

mv2

8 ae?2/ m if vie 2T,
s 2
! 3Jom m ( 2kTg ) 0 QeqV) + @ Qqi(v) WE (+)

where o, the degree of ionization, is defined as the ratio of electron density
to atom density.

In the analytical development leading up to Eq. 4, it was assumed that
the plasma was homogeneous. In the case of the cylindrical arc discharge used in
this experiment, measurements have shown that axial and circumferential uniformity
exist, and the only gradient in the radial direction is the electron density varia-
tion resulting from particle diffusion to the walls of the discharge tube. Because
there are no significant plasma gradients in the direction of discharge current
flow, the plasma behaves as though it were nearly homogeneous, and a simple aver-
aging process can be used to account for the radial varlation in discharge current
density caused by the diffusion gradient in electron density. Therefore, the

L
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current flow through a cross-sectional area of the discharge tube is given by:
R
I=21rfd(r)r dr (5)
o ]

where I is the discharge current and R the tube radius. It has been determined
experimentally that the radial variation in degree of ionization can be reasonably
represented by a parabola of the form a(r) = « (l - r2/R2), where @, is the degree
of ionization on the tube axis (@ = ng /n). U51ng this form for the degree of
ionization in conjunction with Eqs. L afld 5 results in the following expression
for the discharge current:

R 0O -2
2 3 2/Rp2)y3p 2KTe
16./r age?( m \3 (1-r2/R®v3e
m \2kTe. A era(vhao(l-rz/Rz)Qei(v)

ravdre. (6)

Since r and v are independent, the radial integration can be performed, and Eq. 6
reduces to

5 0 my?
2 3¢ 2KTe ( QgqlV) 2
I- 16 age ( m )i voe “7'e L+ Qeg (V) lo ( ea )-‘dv TR E.(7)
3J/m m \2kTe /f ay Qgilv) ag Qgi(v) Qeq(V)+agQe; (v)/|

At this point it is convenient to define an effective collision frequency from the
relationship between discharge current flow and electric field intensity,i.e.,

- 2
1= "e® A ’ (8)
MVetf

where ne is an average electron density (ng /2)é and A is the cross-sectional
area of the discharge tube. The expression hee / £ in Eq. 8 can be thought of
as the effective electrical conductivity of the arc column. Solving for the ef-
fective collision frequency defined by Egqs. 7 and 8 and normalizing with respect
to atom density yields
5 © _mvz
y~*"_ 16 ( m )5 y3e ¥le
3./m\2kT,

Qeqglv) ( Qedv) )
I+ d T
A QOQei (v) q‘:)Qei(v)l Qggq(V) +a i (V) v =g(Te,aq) . (9)

Equation 9, defining the normalized effective collision frequency, represents an
average of the total normalized electron-heavy particle momentum transfer collision
frequency and is a function of electron temperature and degree of ionization alone.
This normalized effective collision frequency is not the simple average of collision
frequency over the electron velocity distribution but rather is an average of the
reciprocal sum of momentum transfer collision frequencies representing the over-all
resistive effect of momentum transfer collisions on dec current flow. Spatial

-5=~
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averaging has been performed to account for the radial dependence of the electron-
ion contribution to the over-all resistance to discharge current flow.

The normalized effective collision frequency of Eg. 9 can be related to
the measurable parameters of the cesium arc discharge plasma from Eq. 8. Using
the perfect gas relationship ng = p/kT s, where p and T_ are the cesium vapor pres-
sure and temperature, respectively, the following expréssion for the normalized
effective collision frequency is obtained:

» _ €%k ToAE . (10)
v =
eff m (P/TyL

Equation 10 was used to determine experimentally the normalized effective colli-
sion frequency from measurements of electron density, electric field intensity,
gas pressure and temperature, and discharge current.

3. Description of the Experiment and Diagnostic Techniques

A schematic of a typical discharge tube is shown in Fig. 1. Cathode-to-
anode separation was 50 cm, and the inside diameter was nominally 3.8 em. During
operation the tube was located within a two-component oven, the main portion of
which controlled the gas temperalure and prevented cesium from condensing on the
tube walls. The liquid cesium well shown in the figure extended down to the lower
portion of the oven, which was temperature-stabilized and always held at a lower
temperature than the main oven in order to control the cesium vapor pressure. The
cesium pressure was determined from the vapor pressure expression of Ref. 5.

The electron temperature, electron density, and plasma potential varia-
tions in the discharge were measured using electrostatic probe techniques. From
an analysis of the current-voltage characteristics of the electrostatic probes,
the electron temperature and density were determined, and the assumption that the
electron velocity distribution in the plasma was Maxwellian was checked. In ad-
dition, the electric field was determined from potential measurements made with
probes positioned axially along the positive column at 8-cm intervals. The elec-
trostatic probe assemblies were constructed in such a way that the probes, which
protruded through a small hole in the wall of the discharge tube, could be moved
radially into the plasma by means of a magnet. The probes were constructed of
0.010-in. diameter tungsten rod covered with a glass sheath which served as an
electrical insulator. The entire assembly averaging 0.018 in. in diameter was
ground flat, so that the 0.010-in. tungsten tip was exposed to the plasma. The
probe tips were periodically examined with a microscope at operating temperature
in the discharge tube so that any flaw could be detected. A pulsing system was
used to apply a cleaning pulse, sweep voltage or data acquisition pulse, and rest
voltage to the probe. The time duration of each portion of the probe pulse could
be varied independently with the time scale of the total pulse variable from

-6-



E-920243-27

approximately 100 microseconds to 100 milliseconds. With such versatility the
effect of changing probe surface conditions, errors due to circuit and plasma re-
sponse limitations,and the effect of plasma drift or instability could be de-
tected. The importance of being able to vary sweep speed and applied voltage in
this manner is detailed in Refs. 6 and 7.

A schematic of the pulse waveform is shown in Fig. 2 along with a typi-
cal photograph of a probe current-voltage characteristic. When data was being
taken, the waveform was adjusted so that the probe was drawing current only about
5 per cent of the time; i.e., the time of the cleaning and rest levels was ap-
proximately twenty times as long as the data acquisition pulse. The linear be-
havior of the semilog plots of the electrostatic probe current-voltage character-
istics, an example of which is shown in Fig. 3, was experimental verification of
the existence of a Maxwellian distribution of velocities at least for the slow-
moving electrons in the body of the distribution. Deviations from linearity at
the low probe currents (approximately 10 microamps) were random in nature and
due to the limits of sensitivity of the system. A plot of the radizl electron
density profile is shown in Fig. 4 for various arc currents, where a comparison
is made with both the zero-order Bessel function, typical of cylindrical diffusion-
dominated discharges, and the assumed parabolic form. It is apparent from this
figure that the radial dependence for the electron density, and consequently the
degree of ionization was adequately approximated by the assumed parabolic form.
The electron tomperature determined from the radial and axial measurements showed
no significant dependence on position.

Of the plasma parameters required to determine the normalized effective
collision freguency, the electron density is the most difficult to measure quanti-
tatively. Under certain conditions the physical presence of a probe may perturb
the plasma resulting in errors in the determination of electron density.  There-
fore, in order to check the values measured by the probe, microwave phase-shift
measurements of electron density were also made. A 50-Gc microwave interferometer
was used for these measurements. Focused microwave radiation was directed through
the plasma between electrostatic probe locations as shown schematically in Fig. 1.
The microwave beam diameter as well as the free-space wavelength (6 mm) was quite
small with respect to the plasma size, and therefore, a plane slab one-dimensional
plasma model was applicable.9 Positioning the microwave horns at approximately
a 30° angle with respect to the tube resulted in removal from the beam pattern of
any radiation scattered from the air-glass or glass-plasma interfaces. Scattered
radiation was absorbed by microwave-absorbent material positioned around the tube
to form a tunnel for the microwave beam. As a check on the validity of the plasma
slab model, analog experiments were performed in which precision dielectric ma-
terials of known dielectric constant were substituted for the plasma. Measurements
made under exactly the same conditions as encountered by the plasma indicated that
the dielectric constant of the material could be determined to within a few per
cent of its certified value.
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For comparison with the electron density determined by electrostatic
probes positioned on the tube centerline, it was necessary to relate the phase
shift of the microwave to the centerline or peak value of electron density rather
than to some average value. In the case considered here, Verr << W@ 2 << na
(Veff’ w_, and w are the collision frequency, plasma frequency, and microwave fre-
gquency, respectively), and therefore, a simple adiabatic approximation was appli-
cable.é For these conditions the phase shift was a simple average over the micro-
wave path length of the plasma phase constant which depends on the predetermined
parabolic variation of electron density. Consequently, the value of electron
density on the tube axis could be determined from the microwave phase shift for
direct comparison with that determined by the probes.

As a check on the potential measurements made with electrostatic probes
and on discharge current measurements, rf conductivity probes were used to measure
the plasma conductivity. With this technique a small probing rf coil was inserted
in the plasma through the end of a discharge tube specially constructed for this
purpose. The magnetically induced rf (10 mc) electric field of the coil pene-
trated into the plasma which behaved as a lossy medium for the rf power, loading
the coil to an extent determined by the plasma conductivity. Therefore, a
measurement of the power dissipated was related to the plasma conductivity. These
measurements provided an independent check on the experimentally determined ratio
of current density to electric field intensity, the effective plasma conductivity.
A description of the rf probe and its associated instrumentaion is presented in
Ref. 10.

L. Measurements and Results

Typical measurements of plasma properties were conducted with cesium
pressure and discharge current as independent experimental variables. A typical
set of experimental data is presented in Table I (Fig. L4a). For moderate cesium
pressures (10~2 to 10l torr) and arc currents (0.2 to 2.0 amps), the electron tem-
perature determined from the slope of the probe semilog current-voltage character-
istics varied from approximately 2500 to 4500°K which is typical of cesium discharges
of this type. From measurements of potential obtained with probes positioned
along the tube axis and from a knowledge of the probe spacing, the electric field
intensity was determined and found to be uniform along the tube axis, varying
with discharge current and pressure from avout 0.2 to 0.6 x 102 volts/m. The ef-
fective plasma conductivity which was determined using rf probing techniques was
found to vary from approximately 10 to 100 mho/m over the experimental range of
pressure and arc current. The conductivity determined in this manner was found
to be in good agreement with the experimentally determined ratio of discharge
current to electric field intensity. Measurements of electron density were made
for varying discharge conditions using both electrostatic probe and microwave
techniques. For the lower cesium pressures (~ 2 x 10-% torr), the values of peak
electron density as determined by the probes and by the microwaves agreed to within

8-
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approximately 10 per cent over the entire current range. However, as the cesium
pressure was increased, the values of the probe-measured electron density fell
below those measured by the microwaves. This apparent perturbation in electron
density gradually increased with arc current (increasing degree of ionization)

as well as with cesium pressure, the discrepancy between the two technigues
reaching a maximum of 40 per cent for the high-pressure, high-current condition.
Further investigation revealed that the magnitude and qualitative behavior of the
depression was consistent with predictions,~ and therefore, the microwave-
measured electron densities were assumed to be correct and a correction was applied
to the values obtained with probes.

Using the relationship of Eq. 10, the normalized effective electron-
cesium heavy particle collision frequency was determined over the range of plasma
variables from the experimental data of many test runs, such as those of Table I.
Shown in Fig. 5 is the effective collision frequency as a function of electron
temperature and degree of ionization, o., on the tube axis. The experimental
data was processed in such a way that vgff could be determined for values of o
which were successively doubled in the range from 3 x 10~ -k to 4.8 x 1073. The
effective collision frequency data of this figure were obtained from two different
discharge tubes and several electrostatic probes positioned at different points
along the tube axis. It is felt that the relative variation of v ps with respect
+o T ig gcorrect o within about + 10 per cent while the absolute value of v*ap is
to w1th1n approximately + 20 per cent. Also shown in Fig. 5 are numerical dat;
(solid lines) obtained from computer integration of Eq. 9; the techniques used
in arriving at these curves are presented in the next section.

Of considerable significance is the fact that the effective momentum
transfer collision frequency data of Fig. 5 shows a pronounced dependence on
degree of ionization in the 107" to 10™= range where electron-ion collisional
effects in cesium plasmas are often neglected.ll Also evident in Fig. 5 is the
bunching of the data for the lower degrees of ionization. An increase in «
from 3 to 6 x lO'LF results in an increase in v*f of only about 10 per cent, and
an increase of over a full decade from 3 x 10-% to 4.8 x 10-3 results in about a
factor of two increase in vsz. Therefore, the trend with degree of ionization
exhibited by the data of Fig. 5 indicates that in the 2000 to 50009%K range of
electron temperature, electron-ion collisions first become noticeable for degrees
of ionization of approximately 107, begin to contribute significantly to colli-
sional effects at about 10‘3, and dominate collision processes for degrees of
ionization in the 1072 range and above. Consequently, the necessity of including
the effect of electron-ion collisions in the analysis of cesium plasma transport
properties in the ranges of electron temperature and degree of ionization of cur-
rent interest becomes apparent. Also noticeable from the data of Fig. 5 is that
the effective collision frequency is increasing rather significantly with electron
temperature in the temperature range under consideration. This suggests that the
electron-cesium atom collision cross section is strongly velocity-dependent.
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5. Electron-Cesium Atom Momentum Transfer Cross Section

The experimental measurement of plasma properties leads to a normalized
effective collision frequency which is an average over all electron velocities
involving the electron-cesium atom momentum transfer cross section. Numerical
integration techniques were undertaken in order to extract from vsz(Eq. 9) the
velocity structure of Qg,(v). Various trial forms for Qga(v) were initially se-
lected on the basis of best estimates as to the magnitude of the cross section
and on trends observed in the available experimental and theoretical data. No
attempt was made to restrict Qea(v) to a particular mathematical form, such as a
pover law dependence. Rather, Qea(v) trial functions were introduced on a point-
by-point basis. Using this technique, hundreds of trial functions were numeri-
cally integrated yielding a variety of hypothetical v:ff curves with T, and o, as
parameters. This procedure permitted convenient appraisal of the sensitivity of
the integral to any given variation in Qea(v)’ as agreement with experiment was
soughte.

The electron-atom cross section determined from a trial function analy-
sis as described above cannot be unique in the general sense, as rapid fluctuations
in the cross section over an energy spread narrow compared to the range over which
the electrons are distributed have little or no effect on the plasma transport
properties. Neglecting the possibility of such rapid variations and assuming for
the moment that the : £ data is gvailable for all values of Te and o,, 1t is ap-
parent that Qea(v) coufd be determined in an effectively unique manner for all
values of v. In any practical situation, however, v~ is known only in a narrow
range of electron temperature and degree of jonizati®n. In fact, in the slightly
ionized limit (@ < < 1077), Veff depends only on Tq for the range of temperature
covered in this experiment. Therefore, the relevant questions are: What is the
elect;on velocity range within which Qea(v) can be determined approximately from
the Veff data available and what are the limits of uncertainty associated with
this approximation? Numerical experimentation, as described in the previous
paragraph, has shown that the range of velocity most closely coupled to the given
electron temperature range is approximately 3 to 6 x 10° m/sec (~ 0.5 to 1.0 /&V).
The velocity range and strength of this coupling is of course dependent on the
velocity structure of Qg itself. As would be expected, the fact that the experi-
mental v_pe data depends on two variables (Te and.ao), rather than on T alone,
results in a significant improvement in the resolution of the trial function tech-
nigque. IExperimentation with various trial functions has clearly illustrated the
fact that the coupling between the experimental electron temperature range and
the velocity range of sensitivity 1is substantially strengthened by the v de-
pendence on «_. This is a consequence of the fact that Qei(v) has a known velocity
dependence ( v-%), placing specific requirements on the exact Qeg (V) velocity struc-
ture required to satisfy the experimental effective collision frequency data varia-
tion with T and o . The Qug (V) resulting in the best agreement between the numeri-
cal and experimental Veff data of Fig. 5 has been found to be a strong function of

electron velocity having a Ramsauer-like structure in the velocity range of

-10-
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sensitivity. Shown in Fig. 6 is this cross section as a function of electron
velocity. The solid portion of the curve is that required to satisfy the experi-
mental data of Fig. 5. The extrapolatgd portions of Qea(v) were chosen to yield
the best over-all agreement with the Veff data available at lower and higher elec-
tron energies. This comparison with available data will be the subject of a sub-
sequent section. The dashed lines in Fig. 6 indicate the limits of uncertainty
in the velocity structure of Qea(v) and were determined by numerical experimenta-
tion with various trial functions as described previously. This uncertainty is

a result of the limited range of Te and.a over which the v:ff data is available,
the known limits of accuracy associated w1th this data, and the uncertainties as-
sociated with the theoretical plasma model used to describe the arc discharge
plasma. It should be pointed out, however, that the limits of uncertainty es-
tablished in Fig. 6 are not analogous to experimental error bars, and therefore,
not all cross-section curves falling within these limits will, when averaged,
satisfy the experimental data. Rather, the limit of uncertainty outlines the
range within which Qea(v) curves could be found which would result in reasonable
agreement with the data available.

6. Comparison of Results

Experiment

The necessity of including electron-ion effeﬁts in the analysis of
cesium plasmas for degrees of ionization as low as 10 and the importance of con-
sistent averaging of collisional effects when the electron-atom cross section has
a strong velocity dependence have prompted a re-evaluation of the available cesium
collision cross-section data.l2‘22 For the most part earlier workers inferred an
average or effective electron-atom collision cross section from a collisional
term defined to represent the over-all effect of collisions on the particular
transport property under investigation. A cross section determined in this manner
is subject to uncertainties associated with differences in the averaging of the
cross section over electron velocity, since collisions do not affect all transport
properties in the same manner. In addition, since the velocity integrals for the
transport properties under study were not analyzed, the average or most probable
velocity determined from the measured electron temperature was associated with the
effective cross section. Interpretation of the available data is further compli-
cated in some cases by the influence of electron-ion collisions. An improvement
in the understanding of the average cesium cross-section data results if the data
ii converted to a normalized effective collision frequency form. An approximate
Veps Torm is recovered by multiplying each average cross-section point by the most
probable electron velocity corresponding to the experimental electron temperature.
This procedure was followed for the data of Refs. 12 through 22 with the exception
of those of Chen and Ra.e‘cher]'2 from which the correct v ££(ac) was directly recov-
erable, the data of Boeckner and Mohler,21 and the data of Tgrlouw.gg A detailed
explanation of the analysis applied to both the Boeckner and Mohler, and Terlouw
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data is presented in Appendix I. Although uncertainties in the data cannot be com-
pletely eliminated, this conversion process results in a presentation of the experi-
mental data in a form more closely associated with the manner in which the measure-
ments were actually made and provides a base for a reasonable comparison with the
results of the present investigation.

Shown in Fig. 7 is the available experimental data in effective colli-
sion frequency form as a function of electron temperature and degree of ionization.
Table IT (Fig. TA) contains a legend explaining the symbols used for each investi-
gator's work for various degrees of ionization. Also shown in the figure is the
family of v curves which has been found to yield the best compromise fit to the
available data in the 500 to SOOOQK range of electron temperatures and the 10~
to 10-1 range of degree of ionization. All the data for degrees of ionization sig-
nificantly higher than 10~% were obtained from diffusion-dominated cesium discharge
plasmas™ ’~" under conditions similar to those encountered in this investigation.
Therefore, the curves in Fig. T were obtained using Eq. 9 in which the parabolic
radial dependence of degree of ionization was retained. The Verf integral was
calculated for values of o, chosen to be consistent with the conditions under which
the data were obtained. The electron-cesium atom velocity-dependent cross section
resulting in the generation of the Veff CUrves of Fig. T is the one previously
described in Section 5 and shown in Fig. 6. In spite of the lack of comprehensive
experimental v* dots and the difficulties associated with the interpretation of
the data that is available, a trend consistent with the interpretation of this in-
vestigation is apparent in Fig. T. Although the dafa is widely scattered in the
1000 to 2000°K range, there is definite experimental indication of a minimum in
vgff in this range of electron temperature, lending support toe the Qea(v) curve
used in the calculation. The minimum value of Veff in this range of electron
temperatures is determined by the magnitude and location of the minimum in the
velocity structure of Qea(v). Also of significance is the fact that the extrapo-
lation of the Q,(v) curve required to generate the experimental veps data Of this
paper results in quantitative agreement with data obtained at much {ower electron
temperatures12:13 and much higher degrees of jonization.?l Numerical experimenta-
tion has shown that the relative spacing between the V:ff curves in the 1072 to
10-1 range ofcyo is still quite sensitive to the velocity structure of Qeg» €VEN
though electron-ion collisions dominate in this range. On the basis of these re-
sults, it is felt that the consistent trend displayed by the calculated and eiperi—
mental data of Fig. T is evidence that the numerically determined family of Veff
curves represents a qualitative and quantitative picture of dc electron-cesium
heavy particle momentum transfer collisional effects in the 500 to SOOOOK range of
electron temperature and the 107 ' to 10-1 degree of ionization range.

Theory

Although even approximate theoretical calculations leading to the
electron-atom cross section are quite complicated, it is of interest to analyze

some of the more recent theoretical results in light of the conclusions drawn from
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the experimental and analytical results of this work. The electron-cesium atom
elastic scattering and momentum transfer cross sections were calculated theoreti-
cally by Stone and Reitz®3 and more recently by Crown and Russek.“* The results
of this work are shown in Fig. 8. As is apparent from the figure, a pronounced
Ramsauer-like velocity structure in the cross section is predicted which is the
result of atomic polarization effects. Numerical experimentation in Refs. 23 and
24 indicated considerable sensitivity to the exact choice of the polarizability
used in the calculations, and therefore, the curves of Fig. 8 are thought to repre-
sent only the general qualitative and semiquantitative behavior of the electron-
atom cross section in the electron velocity range covered. With this considera-
tion the theoretical predictions of a polarization minimum in the range of a few
tenths of an electron volt are consistent with the interpretation of this paper.
Also shown in Fig. 8 is the total elastic scattering cross section as determined
by Brode?? using an electron beam technique. Brode's results indicate structure
in the cross section near the first excitation level which has been attributed to
ccupling between the ground state and the first excited states.2 The location

of this resonance at the first excitation level may be fortuitous, however, due

to the difficulties associated with exact determiration of beam energies in the
low energy regime, particularly in cesium systems. In addition, the calculations
of Refs. 23 and 24 suggest the possibility of significant quantitative differences
between the total and momentum transfer cross sections as a result of nonisotropic
seattering. If this is the case, the use of the total elastic scattering cross
section to calculate plasma transport effects could lead toO serious errors.
Nevertheless, the comparison of available experimental and theoretical results as
described above reveals considerable evidence in support of the existence of
structure in the velocity dependence of the electron-cesium atom elastic scatter-
ing cross section in the electron energy range from 0.1l to 1.0 ev.

T. Conclusions

The effective momentum transfer collision frequency for electrons in
cesium plasmas has been found from these measurements to depend significantly on
the degree of ionization existing in the plasma for degrees of ionization greater
than about 3 x 10-%. An analysis of the experimental results indicates that
electron-ion collisions first become noticeable for degrees of ionization of ap-
proximately 1077, contribute significantly to collisional effects at about 10’3,
and dominate momentum transfer collision processes for degrees of ionization in
the 10-2 range and above. In contrast, for degrees of ionization in the 10-3 to
10-1 range and electron temperatures in the 2000 to 3000°K range, the tempera-
ture dependence of the effective collision frequency has been found to be less
significant than the variation due to changes in the degree of ionization. For
g fixed degree of ionization in the 1073 to 10-1 range, the change in the effec-
tive collision frequency due to an electron temperature variation of several hun-
dred degrees in the 2000 to 3000% range is less than 25 per cent. Therefore,
in converter plasmas in which the degree of ionization is typically in the range
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from 1073 to lO'l, the most important effect to consider in the analysis of elec-
tron transport through the plasma is the contribution of electron-ion collisional
interactions to the effective momentum transfer collision frequency.
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Appendix I. Effective Collision Frequency for High Degrees of Ionization

In one of an excellent series of papers appearing in the early thirties,
Boeckner and Mohler21 inferred an effective electron-cesium atom cross section
fram measurements of electron mobility in a highly ionized cesium arc discharge
plasma. Their technique relied upon the successful extrapolation of experimental
data obtained at high degrees of ionization (@ > 1073) to regions of low degrees
of ionization (@ < 107%) so that the electron-atom collisional effects could be
extracted from the data independent of any electron-ion contribution. However,
an error in the electron density measured with electrostatic probes was discovered.
Nolan and Phelps2 have applied a pressure-dependent correction to account for
this error and, in addition, have included a vapor pressure correction to the
original data of Ref. 21. Having applied this correction, they have reprocessed
Boeckner and Mohler's extrapolated data and have reported a corrected value in
v:ff form of approximately 1 x 10712 gec~m3. This value is assumed to be repre-
sentative of electron-atom collisions in the 2000 to 3OOOOK range of electron
temperatures. The microwave and electrostatic probe measurements carried out in
conjunction with this investigation under conditions similar to those of Ref. 21
support the magnitude of the correction applied by Nolan and Phelps. However, it
has been found that the proper correction is dependent on discharge current as
well as pressure because of the strong dependence of effective collision frequency
on degree of ionization. Such behavigr is consistent with the prediction of
Waymouth's probe perturbation theory.” In addition, since electron-ion collisions
begin to influence the effective collision frequency for degrees of ionization as
low as 10", it is felt that an accurate extgapolation over one to two decades in
degree of ionization in order to determine Veff for essentially the zero degree
of ionization case is not possible. Using the original data of Boeckner and
Mohler (Fig. 1, Ref. 21), correction factors based on the microwave and probe
data obtained in conjunction with this investigation and the vapor pressure cor-
rection of Nolan and Phelps, a revised set of data has been obtained. Boeckner
and Mohler's corrected A/NO (an effective cross section) data are shown in Fig. 9
and are plotted as a function of electron density as in the original reference.
The family of curves drawn through the data was chosen to blend smoothly into
the KYNO values corresponding to the v:ff data of this paper (Fig. 7) for a de-
gree of ionization of lO‘lL which is essentiglly the range where electron-ion ef-
fects are no longer important. The dotted lines in the figure represent constant
degree of ionization lines in the 107" to 10~ range. While a few of Boeckner
and Mohler's data points were obtained for a degree of ionization as low as 10’3,
for the most part their measurements were made in the 1072 to 10-1 range. Conse-
quently, an accurate extrapolation, based on Boeckner and Mohler's data alone, to
degrees of ionization of 10~" and below would be extremely difficult. As an al-
ternative, the absolute magnitude of the Boeckner and Mohler data was used to de-
termine ., P in the 10-3 to 101 range of<zo for comparison with the work of other
investigators. Examination of Figs. 7 and 9 reveals that the corrected Boeckner
and Mohler data are consistent with those of other workers.

27
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Terlouw has made measurements of plasma resistivity on a cesium arc
discharge similar to the discharge used in Ref. 21. Microwave and electrostatic
probe techniques were used to determine the plasma properties in the discharge.
From the measurements of resistivity, the average electron density, and the atom
density, it is possible to determine v pr. These results are presented in Fig. 10
ai a function of degree of ionization. Once again the significant ipfluence on
Vv £f of Coulamb collisions is apparent. Fram the data of Fig. 10, Vef was deter-

ned for degrees of ionization corresponding to those of this work ang the
Boeckner and Mohler data. These results appear in Fig. 7 for comparison with the
data of other workers.
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CESIUM ION ATOM TOTAL COLLISION PROBABILITY MEASUREMENTS

l. Introduction

In order to obtain an insight intc the mechanism responsible for the
production of the volume ionization which exists in the neutralization plasma of
arc-mode thermionic converters, the loss rate of ions from the plasma must be ac-
curately shown. In diffusion-dominated plasmas the loss rate of ions is determined
by their mobility. Preliminary measurements of the total collision cross section
of cesium ions interacting with cesium atoms have been made over the energy range
of 0.12 to 9.7 eV using a modified Ramsauer experiment under Contract NASr-112.
The present investigations are extensions of this work. Knowledge of the cesium
ion mobility provides an insight not only into the loss rate of ions from the
plasma but also of the possible energy transfer mechanisms from the plasma to the
emitter surface which can cause a significant change in the emitter surface work
funetion.

Extrapolations of high-energy charge exchange information reported in
the literature to the energy range of interest in the converter have been made by
Sheldon.2? These extrapolations, which have included approximations to account
for polarizalion effects at energies below 1.0 &V, vary by as much as an corder of
magnitude. The lowest energy at which charge exchange cross sections have been
measured using beam techniques is 6.0 eV (Ref. 30). Due to the nature of the ex-
perimental apparatus employed in these charge exchange measurements, no correction
for contact potential effects could be made in these investigations. Therefore,
the reported charge exchange cross-section information at an energy of 6.0 eV can
be in serious error due to a large uncertainty in the determination of the energy
of the ion beam. Other attempts have been made to determine cesium ion mobilities
by observing the decay rate of the afterglow of a cesium plasma.12:3l In these
measurements no attempt was made to determine the nature of the ion energy distri-
bution, and in some cases, the dominant ionic species existing in the plasma was
not identified. In the present experiment, which uses a modified Ramsauer beam
technique, contact potential effects have been eliminated from the measurement by
employing an electroformed collision chamber. The energy, as well as the species
of the ion beam interacting with the cesium atoms in the collision chamber, has
been positively identified in these investigations. The one limitation of this
measurement has been that the cross section determined by these techniques is a
quasi total collision cross section which is dependent on the resolution of the
system. However, completely classical techniques have been successfully used to
analyze the total collision cross-section information to determine the magnitude
of the charge exchange contribution.
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2. Description of Experiment and Measurement Techniques

Beam techniques have been employed by many investigators to determine
ion-atom collision probabilities. The most noteworthy of these measurements are
the investigations conducted by Ramsa.uer,32 the results of which are quoted in
the Bnglish literature incorrectly. The use of beam techniques at energies less
than several electron volts is seriously limited by uncertainties in the deter-
mination of the ion beam energy due to contact potential effects which are particu-
larly severe in cesium enviromments. In this investigation, as in the earlier
Ramsauer beam experiments, the total collision cross section is determined by
measuring the attenuation of an ion beam of known energy produced by an increase
in collision chamber neutral particle density. In the present cesium ion-atom
total collision cross-section measurements, contact potential problems were
eliminated by employing an electroformed collision chamber in which no metal in-
terfaces exist that can give rise to possible contact potential effects. Shown
in Fig. 11 is a schematic drawing of the system employed in these measurements.
Cesium ions are produced by diffusing cesium atams through a porous tungsten cap
which is maintained at a temperature of approximately 1200°C. Standard accelerat-
ing-decelerating ion optics are employed to extract ions from the porous cap. Two
sets of deflection plates, one located immediately adjacent to the ion gun and the
other located directly in front of the collision chamber entrance slit, are employed
to align the ion beam with the collision chamber. A magnetic field applied perpen-
dicular t0 the piane of the schematic is employed to energy-select ions produced
on the porous tungsten cap. The collision chamber is designed so that the entrance
and exit slits and the necked-down portion in the center of the collision chamber
serve as three degrees of restraint which define the radius of a circle. The
energy of the ion beam passing through the collision chamber is uniquely determined
from a knowledge of chamber geametry and the magnitude of the applied magnetic
field. Re-entrant type entrance and exit slits are employed on the collision cham-
ber to prevent external electric fields fram penetrating into the chamber, which
can seriously perturb ion trajectories. In these measurements the energy of the
ion beam is uniquely determined only while the beam is within the collision chamber.
Prior to entering the chamber the beam energy can be significantly altered by the
accelerating-decelerating optics system. Similarly once the beam exits the col-
lision chamber, an accelerating plate is used to deflect the ion beam off its
initial trajectory in the magnetic field and into an electron multiplier. Only a
knowledge of the energy of the ion beam while it is in the collision chamber is
essential in the measurement. The measured total collision cross section is com-
posed of elastic scattering events that produce deflections of the ion beam greater
than 0.00Tk radians and essentially all charge exchange interactions. All charge
exchange eollisions are measured in this system because the newly formed ions
produced by the interaction have incorrect trajectories in the magnetic field to
exit the chamber. The attenuation of the ion beam can be predicted by
“PoPtX

= 1
I Ioe (11)
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where

I is the ion beam current exiting the collision chamber for a finite
pressure in the chamber;

IO is the ion beam current exiting the collision chamber for zero
pressure in the chamber; o

p 1is the pressure in the collision chamber reduced to 273 K;

Pt is the number of collisions per cm of path per mm of pressure; and

x 1is the path length of the ion beam through the chamber.

The total collision cross section is determined by gradually increasing
the cesium pressure in the collision chamber and measuring the number of particles
missing fram the ion beam produced by the increase in chamber pressure. Also
shown in the schematic drawing of Fig. 11 is a surface ionization gauge which is
designed so that it can be moved to a position directly in front of the exit slit
of the electroformed collision chamber. The surface ionization gauge was used to
obtain a cross calibration between the cesium reservoir temperature and the den-
sity of neutral atoms within the collision chamber. The length of the collision
chamber was chosen so that the operating cesium pressure in the chamber ranged
from 10-7T to 10°2 mm Hg. Therefore, at this pressure level the exit and entrance
slits on the collision chamber were always operating in the free molecular flow
regime. The Operating pressure range of the vacuwm system in the multiplier was
always several orders of magnitude lower than the cesium pressure in the chamber
so that additional collision events produced by interactions of the ion beam with
the background gas in the system could not produce spurious results. As Eq. 11
indicates, the cross section can be determined by making a relative measurement
of the attenuation of the ion beam intensity and an absolute measurement of the
cesium pressure existing in the collision chamber.

Method of Determining Ion Beam Energy

As outlined in the previous section, the ion beam energy is determined
uniquely in these measurements fram the radius of curvature determined by the
geometry of the electroformed collision chamber and the magnitude of the applied
magnetic field. Since the collision chamber slits have a finite width, the ion
beam focused through the collision chamber has a finite energy width. For the
collision chamber used in these investigations, the geometrical energy resolution
of the chamber is essentiglly the center energy E + AE, where AE is approximately
1.8 per cent of the center energy E. Shown in Figs. 12 through 18 are typical
ion beam distributions obtained with this system. Shown in Fig. 19 is a compari-
son between theoretically calculated and experimentally measured ion beam ener-
gies at half-width. As can be seen from this figure, the agreement between theory
and experiment is extremely good. The determination of the absolute magnitude of
the ion beam energy is dependent upon the absolute magnitude of the applied mag-
netic field and the geometry of the collision chamber.
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The collision chamber geometry is determined by making careful measure-
ments prior to plating of the dimensions of the aluminum mandrel over which the
copper collision chamber is electroformed. These measurements include shadow-
graphing the shape of the mandrel so that the thickness of the copper plate can
be determined absolutely upon campletion of the electroforming of the chamber.
After the aluminum mandrel is removed with caustic solutions from the electro-
formed chamber, X rays are taken to determine the actual build-up of copper in
various portions of the chamber and also t0 inspect the chamber for possible
traces of aluminum from the mandrel which have not been entirely removed by the
caustic solutions. Shown in Fig. 20 is a typical X ray obtained of an electro-
formed collision chamber. As can be seen in this figure, the width of the col-
lision chamber slits is clearly defined as is the width of the necked-down portion
in the center of the chamber. Excellent agreement has been obtained between the
width of the necked-down portion determined by measuring the thickness of the
aluminum mandrel prior to plating and the thickness of this portion determined
by X-ray measurements.

Hall probes were used to align the Helmholtz coils employed to generate
the magnetic field in these measurements. To insure that proper alignment was
achieved between the coils and the collision chamber, a jig which represented
the trajectory of the ion beam within the collision chamber was mounted in the
vacuum tank. Hall probes were positioned along the jig to determine the magnetic
field intensity at various locations along the ion beam trajectory. The spatial
resolution of probes employed in these measurements was one eighth of an inch.
This is large in comparison to the finite slit width of the chamber which runs
from 0.020 to 0.030 of an inch depending upon the particular chamber employed
in the measurements. However, Hall probes were used to determine the average
field and for alignment purposes since it was not anticipated that a widely di-
verging magnetic field would be produced by the Helmholtz coil configuration
and since magnetic materials were eliminated from critical regions of the experi-
ment. In earlier measurements the absolute mdgnitude to which the Hall probes
could be calibrated over the energy range fram approximately 50 to TOO0 gauss was
+ 3 per cent. To increase the accuracy in these measurements, a rotating-field
gauss meter was employed. The absolute accuracy of this system was + O.1 per
cent or 2 gauss. The accuracy of the rotating field gauss meter at low magnetic
fields was improved by employing a null balance technique with a galvanometer to
determine the magnitude of the field. The rotating-field gauss meter was cali-
brated against a 100-gauss laboratory standard which had an accuracy of + 1 gauss
at 100 gauss. The rotating-field gauss meter coil employed in. these measurements
encompasses a volume with a total diameter of 0.125 in. As has been previously
indicated, only the magnetic field along the trajectory of the ion beam within
the collision chamber is essential in the determination of ion beam energies.

The accuracy of the determination of the center-line energy from these calibra-
tions is + 2 per cent at 0.2l eV. In subsequent measurements improved accuracy
in the magnetic field calibration was obtained by using a three-axis Hall probe
and a laboratory standard calibration coil which was certified by the National
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Bureau of Standards. In the latest cross-section measurements the absolute ac-
curacy of the magnetic field determination was + 1 per cent.

The most important aspect of the determination of the ion beam energy
in this system which makes it unique in comparison to other techniques is the use
of an electroformed collision chamber to eliminate uncertainties in the energy
determination produced by contact potential effects. Contact potential effects
produced by preferential adsorption of cesium on electrode surfaces can signifi-
cantly change the work functions of these surfaces, thereby producing large un-
certainties in ion beam energy if retarding potential techniques are used.

Shown in Fige. 21 is a comparison of ion beam energies determined by
using electroformed collision chamber techniques with energies determined using
essentially retarding potential techniques. In this figure the results for two
different experimental conditions are presented. For one set of measurements,
which are represented by circular data points, the variation in the energy of
the ion beam determined from the potential applied to the ionizer cap to the
energy of the beam determined from the magnetic field energy analysis is approxi-
mately 0.25 eV across the entire energy range. By maintaining all conditions
constant in the experiment and changing the cesium feed rate to the ionizer cap
surface, thereby reducing the work function, the difference in the energy deter-
mined by the two techniques is once again constant but in this case is digplaced
by approxdmately 2.5 eV. This data is represented by the triangular points in
Fig. 21. The effect of contact potentials which is so vividly illustrated by
these results can be responsible for the wide discrepancy in cross-section infor-
mation obtained by beam techniques at energies below 10.0 eV.

Cross-Section Determinations

The method employed to determine total collision cross sections in these
investigations is to increase the cesium pressure in the collision chamber by in-
creasing the temperature of the cesium well. Accurate control and correct deter-
mination of the cesium well temperature is one of the most difficult aspects of
the experiment. From cross-section measurements with target gases, such as argon
and nitrogen, it was found that the response time of the ion beam attenuation to
changes in collision chamber pressure was essentially instantaneous. In the
cesium measurements the pressure of cesium in the upper collision chamber was de-
termined by measuring the temperature of the coldest spot in the cesium reservoir.
The cesium reservoir system is shown schematically in Fig. 22. In earlier cross-
section measurements difficulty was encountered in determining the true cesium
pressure fram temperature measurements of the cold spot in the cesium reservoir.
This same problem was encountered by Sheldon and Manista33 and Nolan and Phelps.3
In addition, both groups of investigators reported that times on the order of a
half hour were required to establish pressure equilibrium within the system once
a temperature change occured in the cesium reservoir. These results were contrary
to the observations made in the initial cesium ion-cesium atom cross-section
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measurements in which it was found that a temperature change in the cesium reser-
voir reflected itself almost instantaneously as a change in the magnitude of

the attenuated ion beam current. In addition, once this initial change occurred,
no subsequent decrease in the ion beam current level was oObserved over long
periods of time. Since the measurement conducted with an attenuated ion beam

is essentially an indirect measurement and since the absolute accuracy of the
cross-section determination is direetly related to the accuracy of the pressure
measurement, further experimental measurements were conducted to determine di-
rectly the neutral density existing in the collision chamber for various operat-
ing conditions. Shown schematically in Fig. 23 is a neutral efflux source pat-
terned after the geametry of the electroformed collision chamber. Several tests
were conducted with this source to determine times required for equilibration of
the neutral density. The neutral efflux source was camposed of two chambers,

one which was operated at low temperatures and served as a cesium reservoir for
the system. The second chamber,which was operated at a higher temperature and
had a small diameter hole in the upper surface,acted as the superheated chamber
in the ion-atam cross-section measurements. In these investigations the neutral
cesium efflux emanating from a small diameter hole in the chamber was measured
with a surface ionization gauge. Shown in Fig. 24 is the variation with time

of the neutral efflux of cesium atoms effusing from the small hole in the high-
temperature chamber. On the basis of these measurements in which only relatively
coarse temperaturc control could be maintained over the cesium reservoir and the
high-temperature chamber, it was found that cesium pressure changes occurred over
a shorter time scale than that reported by other investigators. However, it was
found in the course of these measurements that if all the cesium which effused
from the small hole in the collision chamber was not directly trapped, the back-
ground pressure of neutral cesium in the vacuum system increased with operating
time and collision chamber pressure. This increase in the neutral cesium pressure
in the vacuum system appeared as an increase in the background ion current level
measured by the surface ionization gauge detector. For conditions of low cesium
pressure in the collision chamber, the increase in neutral cesium background due
to the presence of untrapped cesium in the system gave the appearance of a strong
hysteresis effect when the cesium reservoir was temperature-cycled. In addition,
since the untrapped neutral cesium was gradually pumped from the system, the sur-
face ionization gauge data at low collision chamber pressures also exhibited what
appeared to be a long-time constant for the system to reach equilibrium. In
reality this long-time constant was not associated with the time required to
change the neutral cesium dengity in the collision chamber, but rather it was

the time constant associated with reducing the neutral cesium background pressure
level in the vacuum system. With the addition of the proper amount of cryopump-
ing to the system so that all the cesium which effused from the small hole in

the collision chamber was directly trapped, it was found that the cesium efflux
measurements were completely reproducible in this mock-up system and that there
was no hysteresis as a result of temperature cycling of the cesium reservoir.
Results of these measurements are shown in Fige. 25. Calculation of the neutral
cesium efflux from this mock-up system based on the hole size in the collision
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chamber and the vapor pressure data of Kubaschewski and Eva.ns35 was in excellent
agreement with the experimental results. These results are shown in Fig. 26. A
series of several measurements were taken with this system operating at various
temperature levels of the superheat chamber of the system. The over-all variation
in the results as shown in Fig. 26 is on the order of + 15 per cent. In the course
of these measurements it was found that it was extremely difficult to obtain ac-
curate readings fram the thermocouples positioned at various points. One of the
major problems in using thermocouples for precise temperature information is that
small contact emf's are generated at the connecting junctions of the thermocouples.
Based on information from the National Bureau of Standards the resolution and
absolute accuracy to which platinum resistors can be calibrated is approximately
three orders of magnitude greater for the temperature range of these measurements
than for thermocouples. The criticality of accurate temperature determination

of the cesium reservoir is more vividly illustrated by the error analysis pre-
sented in Fig. 27« An error of + O.lOC across the pressure range of these meas-
urements results in a 3 per cent error in the determination of the pressure. TFor
inaccuracies larger than i.O.lOC the inaccuracy of the pressure determination
rises drastically. Therefore, on this basis platinum resistors were substituted
for thermocouples as temperature sensors in the cesium reservoir. The design of
the cesium reservoir system was modified so that a solid copper block constituted
the region in which the puddle of liquid cesium was placede In order to accurately
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control the temperatuie G
with the capability of maintaining temperatures to within 0.1°C was constructed.
A photograph of the temperature controller and ion cross-section apparatus is
shown in Fig. 28. The dynamic capability of the controller allowed temperature
variations on the order of 5°C to be achieved in about one minute. After two

to three minutes the system was stable to within i.O.lOC. The platinum resistors
located in the cesium reservoir were calibrated against a quartz vibrating fiber
temperature-sensing element. The quartz fiber system which has resolution far

in excess of the platinum resistors is calibrated by the manufacturer at seven
triple points throughout the range of interest and was subsequently calibrated

at the Laboratories against two triple points to insure accuracy in the tempera-
ture determination. With this system and a surface ionization gauge which was
located in a pump port adjacent to the ion multiplier, as shown schematically

in Fig. 11, measurements of the cesium efflux from the collision chamber were
made in the actual system. Shown in Fig. 29 is a typical spatial distribution
obtained from the surface ionization gauge. Measurements of the cesium efflux
fram the chamber as a function of reservoir temperature are shown in Fig. 30. The
displacement of the measured efflux from the theoretical value shown in Fig. 30
amounts to approximately 30 per cent at the higher operating pressures. These
meagsurements also show that there is no inherent hysteresis in the establishment
of the neutral pressure in the collision chamber. Shown in Fig. 31 is the varia-
tion of cesium pressure with reservoir temperature and time. The results of
this measurement indicate that the cesium pressure in the collision chamber re-
sponds on the order of a few seconds to temperature changes in the reservoir. In

addition, the time required to establish equilibrium is on the order of several
minutes rather than a half hour.
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One additional problem that has been experienced in the pressure deter-
mination measurements is accurate control of the location of the cold spot in the
reservoir. In earlier cross-section measurements it was found that cold spots
existed in the feed line that was used to introduce cesium into the collision
chamber. In these latest measurements the cesium is introduced into the chamber
through a small hole in the reservoir sidewall with a stainless steel hypodermic
tube. Once an initial charge of cesium is placed in the chamber, the stainless
steel hypodermic tube is withdrawn from the reservoir, and a trap door closes
over the hole. By this technique, it has been found that it is possible to
eliminate problems associated with additional cold spots in various portions of
the reservoir cesium feed system.

3. Analysis of Cross-Section Data

Since ion-atom cross sections at thermal energies are being measured,
the experimental results can no longer be interpreted in terms of a monoenergetic
beam of ions interacting with a gas of fixed target atams.

A computer program has been written which extracts the total ion-atom
cross section fram the average cross section as measured in the modified Ramsauer
experiment. The experimentally measured cross section is really ihe true cross
section as a function of relative velocity of the interacting particles, Q(V.),
averaged over the velocity distributions of the beam particles fb(VB), of the gas
atoms fg(Vg), and over the ratio of the relative velocity of the encounter to
the beam particle velocity, Vf/Vb. The last term, Vf/Vb, converts the number of
collisions per second to the number of collisions per unit path length of the ion
beam. Therefore, the averaged cross section is given by

(12)

—_— \/
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which is similar to a form derived by Berkling, et al.36 By assuming a true cross
section of the form Q(V,) = a/VfB and knowing fb(VB) and £ (V ), a double numerical
integration may be performed for a particular B giving § in térms of . The o may
then be adjusted to give the least squares fit of § to the experimental data. Com-
puting § for a series of B's, a best least squares fit may be obtained. This gives
the best over-all values for o and g or equivalently the best cross section

Qv) =a/v,P.

Since the slits on the collision chamber have a finite width, a range of
ion velocities pass through the chamber for any applied magnetic field. A calcu-
lation based on the geometry of the collision chamber shows that the window for
ion velocities is from 0.96 v, to 1.0k V., where V, is the velocity of the parti-

cle which moves through the centers of the three slits, that is, on a radius of
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T7.63 cm. Therefore, the size of the window is directly proportional to the center
energy of the beam. The limits of the window are used as the limits of integra-
tion for the component of the velocity in the direction of the beam current.

The ion beam is formed in an accelerating-decelerating-focusing system
which is space-charge limited. Depending on whether the ions in the beam have
enough time to thermalize, the velocity distribution function of the beam may
range from an accelerated half-Maxwellian3! to a Maxwell-Boltzmann distribution
moving with a drift velocity. Based on the estimated ion number density in the
beam of 106 to 10 /m3, and an ion temperature of 0.1 eV, a thermalization time
of about 10~1 to lO"3 sec may be calculated from Spitzer's formula.3 The ions
in the beam spend from 1072 to 1073 sec in transit through the 10-cm path length
of the collision chamber. For these conditions at least some thermalization
should be expected. The beam distribution may also be affected by space-charge
effects and by high thermal velocities parallel to the magnetic field removing
some ions from the beam. Ion beam current distributions were calculated on the
basis of an accelerated half-Maxwellian and also on the basis of a Maxwellian
moving with a drift velocity. By varying the limits of integration, plots of
beam current as a function of energy were obtained for various center energies.
Camparing the energy widths at half-height of the ion current distribution with
the experimentally measured half-widths, it was observed that the accelerated
half-Maxwellian gave a much closer fit to the experimental dgts than did the
drifting Maxwellian which gave half-widths much too wide. The results which
indicate that the accelerated half-Maxwellian should be used as the beam dis-
tribution function in this case are presented in Fig. 19.

Q was calculated for a series of B's. In all these calculations,
f (V) was assumed to be a Maxwellian distribution at the temperature of the col-
1%s18n chamber, and the beam distribution was assumed to be an accelerated half-
Maxwellian. The value of B which gave the best least squares fit to the experi-
mental data was 0.76; the @ at this point was T.16 x 10°. Therefore, the cross
section which best describes the experimental data on the basis of this analysis
is
7.6 x 10° o2 (13)

v .

The results of this analysis are presented in Fig. 32.

4, Analysis of Total Scattering Cross-Section Data
In the anlaysis of the total collision cross-section information, as

has been previously outlined,39 the diffusion cross section used in the mobility
calculations was determined by calculating classically the elastic contribution
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t0 the measured total collision cross section. By subtracting this elastic con-
tribution from the measured total ccllision cross section, the charge exchange
contribution can be determined. In this analysis an inverse fourth power inter-
action potential was assumed to hold for the lower energy scattering interactions
under investigation in the ion-atom measurements. The validity of this aﬁgump-
tion as a result of the recent measurements reported by Menendez and Datz -~ is
subject to considerable question. In the measurements of Menendez and Datz, it
was found that a significant rainbowing effect occurred at relatively large scat-
tering angles for cesium ions interacting with argon, krypton, and nitrogen.

The presence of this rainbow in the experimental differential scattering cross
section implies that the use of an inverse fourth power potential to describe the
elastic scattering interaction at these low enﬁigies is undoubtedly incorrect.

It has been suggested by Mason and Vanderslice ™ that a 4-6-12 type potential
should be considered even for extremely low energy interactions, especially when
dealing with relatively large particles, such as the cesium system. The general
form of the potential used to calculate differential scattering cross sections

is given by

2 6
o(r)_=—§—[(n+y)('%)' -4y () -3“‘7)(%)4] (1)

where

€ is the potential well depth;

Y 1is a strength parameter of the r ~ portion of the potential; and

rm is equilibrium internuclear distance.
In Eq. 14 the r')+ term includes the charge-dipole and the charge-induced dipole
interactions, and the r™- term includes charge-quadrupole, charge-induced quadru-
pole, and induced dipole-induced dipole interactions. The last term in this ex-
pression which is the 12 portion of the potential is the short-range repulsion
term. When there is an interaction between two particles having the potential
function of the type described in Eq. 14, in which there are both attractive and
repulsive portions, there is a relative energy region in which rainbow phenocmena
will be observed in the angular scattering distribution. This effect will also
significantly alter the magnitude of the differential scattering cross section.
Calculations have been carried out to determine the differential elastic scat-
tering cross section as a function of energy for the cesium system to see if any
significant alteration in the magnitude of the predicted elastic scattering cross
section would result from the inclusion of these additiopal terms in the inter-
action potential. In these calculations a value of 4.4k A was used for the equi
librium internuclear distance. This value was obtained fram the work of DeBoer
on the spectra of the cesium molecular system.oSA value of vy = 0.5 and a value
of the polarizability of cesium equal to 52.3 A~ as determined from the measure-
ments of Salop, et al.43 yere used to determine the value of the well depth, €,
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fram the following expression:

2
3/2(l-y)ers® = =22 . (15)

Shown in Fig. 33 is the differential scattering cross section calculated for a
relative interaction energy of 3.38 eV. As can be seen in this figure, there is
a significant rainbowing effect observed in the differential scattering cross
section at an angle of approximately l.T7 radians in the center-of-mass system.
Shown in Fig. 34 is the calculated differential scattering cross section for a
relative energy of 0.543 eV. In this case the rainbowing effect is not as
readily apparent. However, as in the case of the higher energy calculation,

the differential scattering cross section determined fram the 4-6-12 interaction
potential as a function of angle is significantly larger than that predicted with
only an inverse fourth power interaction potential. The over-all contribution of
this effect to the predicted elastic scattering cross section results in approxi-
mately a 15 per cent increase in the predicted elastic scattering cross-section
values in the energy range of the cesium ion-cesium atom cross-section measurements.
The magnitude of the cross section predicted using the 4-6-12 type interaction
potential is sensitive to the values of T € and Y used in the calculation. In
the results presented, every attempt was made to use the most reliable estimates
cof these values. However; even on the basis of these results, it is seen that
even though significant additional information can be obtained on the inter-
action potential in the cesium system, the use of a 4-6-12 interaction potential
over the use of only a direct polarization interaction potential does not grossly
change the magnitude of the value of the elastic scattering cross section.

5. Measurements and Results

Further measurements of low-energy total cesium ion-atom collision cross
sections have been attempted with the newly designed cesium reservoir system which
does not have an integrally comnected cesium feed line. These measurements are
being made in order to resolve the problems previously experienced with determin-
ing the actual operating cesium pressure in the collision chamber. The results
of the initial studies under NASr-112 are shown in Fig. 35 as triangular points.
The measurements which were completed at the end of last year under Contract
NAS3-41T71 are shown in this figure as circular points. In the initial measure-
ments the attenuation curves did not exhibit exponential behavior at low pressures.
Lack of complete exponential attenuation was attributed in these measurements to
localized cold spots that existed only at low reservoir temperatures in various
portions of the system. The second set of measurements which are in fairly good
agreement with the initial results as shown in Fig. 35 were felt to be inaccurate
due to problems encountered in the cold spots in the cesium feed line despite the
fact that directly exponential attenuations were obtained in the measurements.

Exhaustive studies with a surface ionization gauge detector in the past year of
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the contract indicate that an accurate determination of the cesium pressure can be
achieved in the present system. Despite this result in the latest measurements

in all attenuation curves that were taken at energies below 1 eV, the ion beam
failed to return to the unattenuated ion beam current level for zero pressure con-
ditions in the collision chamber. Detailed surface ionization gauge measure-
ments indicate that the pressure in the collision chamber was returning as would be
predicted on the basis of the temperature behavior of the reservoir. The exact
explanation for the failure to obtain reproducibility of the ion beam character-
istics at this time is not completely understood because the system is essentially
similar in design to the systems used in earlier measurements. It was noted,
however, that even though the ionizer gun design was similar to those used in
previous investigations, the focusing characteristics of the ion beam were slightly
different. One possible explanation for this lack of reproducibility in the re-
verse pressure direction can be that a small undetected plasma was present in the
gun optics between various electrodes in the system. If a plasma were present,
this would be sufficient to cause unreproducibility in the characteristics of

the ion gun that would be strongly pressure dependent and would be drastically
affected by small changes in the ambient cesium background pressure. Further in-
vestigation of this effect is definitely warranted in view of the fact that it

has been possible with previous gun assemblies to successfully produce ion beams
with energies as low as .058 eV.

-08 -



E-920243-27
ELECTRON-CESIUM ATOM TOTAL COLLISION CROSS-SECTION MEASUREMENTS

le Introduction

The measurements described in the first section of this report indicate
that the electron-cesium atom momentum transfer cross section has a very strong
velocity dependence in the energy range fram 0.2 to 0.6 eV. Although it has be-
came commonplace to draw a direct comparison between mamentum transfer and total
cross-section data, such comparison is strictly correct only when the angular
dependence of the differential scattering cross section is very weak. Since
swarm techniques are particularly insensitive to rapid variations in the cross
section, in order to further investigate the velocity structure of the electron-
cesium atom cross section in detail, monoenergetic beam techniques must be used.
Mamentum transfer cross-section information can be determined fram beam-type
meagsurements by first determining the total scattering cross section and then de-
termining the differential scattering cross section. The advantage of conducting
two measurements, one to determine the total cross section and the second to de-
termine the differential scattering cross section, is that only a relative measure
of the charge particle beam intensity is needed in order to determine the cross
section.

In the past the problems which have limited the use of low-energy beam
techniques in electron-atam measurements have been three-fold: 1) Extremely low
magnetic energy-selection fields are required in order to maintain reasonable di-
mensions in the experimental apparatus. The usual operating magnetic energy-
analyzing field intensity in these systems is on the order of or below the earth's
magnetic field. 2) Due to the low beam energies, the beam current level is very
low in intensity. Therefore, sophisticated detectors must be employed in these
measurements. 3) In cesium measurements, contact potential effects, which are
normally difficult to overcome in conventional systems,are even more severe due
to the fact that cesium readily adsorbs on surfaces producing drastic work func-
tion changes and can also result in significant thermionic emission from surfaces
at relatively low temperatures.

2. Description of Experiment and Measurement Techniques

A beam measurement of electron total cross sections in cesium was re-
ported by Brode over thirty years ago.25 In this work the effects of contact po-
tentials could not be completely eliminated from the measurements. Therefore,
it would not be surprising to find in the low energy range (below 1.0 eV) that
the electron total cross section could vary significantly fram that reported by
Brode due to inaccuracies in the technique used to determine the energy of the
electron beam. In addition to contact potential problems which can produce uncer-

tainties in the beam energy determination, there can also be a large uncertainty
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introduced into the measurements by the techniques used to determine the absolute
intensity of the magnetic energy-analyzing field. In the total cross-section
measurements conducted in this investigation, metal interfaces, which can give
rise to contact potential effects, were eliminated by employing an electroformed
collision chamber. Shown in Fig. 36 is a schematic drawing of the system employed
in these measurements. A standard indirectly heated cathode, which is maintained
at a temperature of less than 1000°C is used to produce electrons which are fo-
cused into the collision chamber with a series of accelerating-decelerating
electron optics and two sets of deflection plates. The deflection plates are
used to align the beam extracted from the cathode cap with the electroformed
collision chamber. A magnetic field applied perpendicular to the plane of the
schematic is employed to energy-select electrons. The collision chamber is de-
signed so that the entrance and exit slits and the necked-down portion in the
center of the chamber serve as three degrees of restraint which define the radius
of a circle. The energy of theelectron beam passing through the collision chamber
is uniquely determined fram a knowledge of chamber geometry and the magnitude of
the applied magnetic field. Re-entrant type entrance and exit slits are employed
to prevent external electric fields, which can seriously perturb electron trajec-
tories, from penetrating into the chamber. In these measurements the energy of
the electron beam is uniquely determined only while the beam is within the col-
lision chamber. Prior to entering the chamber, the beam energy can be signifi-
cantly altered by the electron gun optics of the system. Similarly, once the
beam exits the collision chamber, the inverted Pierce gun optics used to deflect
the electron beam from its initial trajectory in the magnetic field into a

channel -type electron multiplier also alter the beam energy. Only a knowledge

of the energy of the electron beam while it is in the collision chamber is crucial
in the measurement. Since all scattering events producing a deflection of the
electron beam of greater than 0.5 degrees are counted in these measurements as a
collisional event, inelastic interactions are also measured. The attenuation of
the electron beam is given by

I= Ioe-pOPtx (16)
where

I 1is the electron beam current exiting the collision chamber for a
finite pressure in the chamber;

I is the electron beam current exiting the collision chamber for
zero pressure in the chamber;

P 1is the pressure in the collision chamber reduced to 273°K;

I% is the number of collisions per cm of path per mm of pressure,
or total collision probability; and

X 1is the path length in cm of the electron beam through the chamber.

The total collision cross section, related to Pt by a constant factor,
is determined by gradually increasing the pressure in the collision chamber and
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measuring the number of electrons missing from the electron beam as a result of
the increase in chamber pressure. The length of the collision chamber was chosen
so that the operating pressure regime was such that the entrance and exit slits
are always operating in the free molecular flow regime. As indicated in Eq. 16,
the total collision cross section can be determined by making a relative measure-
ment. of the attenuation of the electron beam intensity and an absolute measurement
of the cesium pressure in the collision chamber.

Method of Determining Electron Beam Energy

As outlined previously, the electron beam energy is defined uniquely in
these measurements by the radius of curvature determined by the geometry of the
electroformed collision chamber and the magnitude of the applied magnetic field.

As in the ion cross-section measurements, the collision chamber slits have a fi-
nite width, and therefore, the electron beam focused through the collision chamber
has a finite energy width. TFor the collision chamber used in these investigations,
the geametrical energy resolution of the chamber is the center energy E + AE, where
AE is + T per cent of the center energy. In these measurements the actual genera-
tion and measurement of the magnetic-analyzing field is considerably more 4iffi-
cult than in the ion cross-section experiment. This is primarily due to the fact
that the required magnitude of the energy-analyzing field is below the ambient
level of the earth’s magnetic field. As a further complication sharp spatial
gradients in the earth's magnetic field intensity exist due to the structural

steel and equipment in any laboratory building. In these measurements a zero
magnetic field region along the trajectory of the electron beam was generated by
the use of a cambination of 8-foot diameter three-axis Helmholtz coils and a mag-
netic shield. As shown in the schematic in Fig. 36, the magnetic shield is located
outside the vacuum tank of the experiment. ©Shown in Fig. 37 is a photograph of
the physical layout inside the magnetic shield of the experiment depicted sche-
matically in Fig. 36. Located directly outside the vacuum tank but within the
shield is a set of Helmholtz coils which was used to produce the energy-analyzing
field. The diameter and operating flux intensity of the analyzing-field Helmholtz
coils, as well as the diameter and thickness of the shield, were chosen so that
the field produced by the analyzing coils does not saturate the magnetic shield.
The 8-foot diameter three-axis Helmholtz coils shown in Fig. 38 are used to re-
duce the level of the ambient magnetic field; the magnetic shield is used to re-
duce the effects of spatial gradients in the ambient field intensity; and the in-
ternal Helmholtz coils are used to generate the energy-selection field once zero
ambient magnetic field conditions are established along the electron beam tra-
jectory. To achieve one per cent accuracy in the energy determination, the ambient
field intensity had to be maintained at a level below 1 x 1073 gauss in the experi-
ment. To detect and calibrate the magnetic field intensity in this system, single
axis, highly directional magnetometers were employed. The method of calibrating
the magnetometer was to achieve zero field conditions inside the magnetic shield
with no experimental apparatus present. Zero magnetic field conditions were

generated inside the shield by driving the three-axis Helmholtz coil system until
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a condition was reached in which it was possible to rotate the directional magne-
tometer in any direction about a point inside the shield and detect no change
greater than 107" gauss. With this technique, which is a relative measurement,

it was possible to insure near zero ambient field conditions without obtaining a
prior absolute calibration of the magnetometer system. Once zero field conditioms
were achieved, a standard solenoid of known area-turns was placed within the
shield. The directional magnetometer was then calibrated by measuring the current
to the solenoid, which had been calibrated and certified by the National Bureau
of Standards to be accurate to within i.O.S per cent. Once four magnetometers
were completely calibrated by this procedure, it was then possible to calibrate
the energy-analyzing field. In anticipation of possible variations with time of
the background magnetic field and possible changes in the shield characteristics,
continuous sensing of the magnetic field existing within the shield as close to
the electron trajectory as possible was deemed necessary. Therefore, a calibra-
tion was obtained between the magnetic field intensity existing on the electron
beam trajectory in three mutually perpendicular directions and the intensity
existing in three directions with similar orientation at another point within the
system. By this technique it was possible to continuously adjust the system for
various changes in both the environmental magnetic field as well as for changes
produced in the shield characteristics. The absolute accuracy in the energy de-
termination based on measurement of the magnetic fleld intensity is deemed to be
within one per cent across the entire energy-operating regime. It was found in
the course of fabricating the vacuum system and associated parts that only special
materials that have been heat-treated could be safely employed in the system with-
out producing gross perturbations in the magnetic field.

As presented in detail in the ion cross-section measurement section, the
geametry of the collision chamber was carefully checked through the use of several
experimental techniques which included shadowgraphing the collision chamber mandrel
prior to electroplating, X-raying the electroformed collision chamber after plat-
ing, and obtaining high-resolution photographs of the collision chamber entrance
and exit slits. Through the use of these techniques, it is felt that the dimen-
sional tolerances can be held to well within one per cent.

Cross-Section Determinations

The method employed to determine the total collision cross section in
these investigations is to increase the cesium pressure in the collision chamber
and to measure the magnitude of the current exiting the chamber. With increases
in chamber pressure, the electron current exiting the collision chamber decreases
in a manner predicted by Eq. 16. From previous experience in the ion cross-section
investigations, it has been found that control of cesium pressure through control
of the cesium reservoir temperature is extremely difficult and can lead to large
inaccuracies in the cross-section determination. The main origin of these inac-
curacies 1s the exact determination of the location of the pool of liquid cesium

within the reservoir and the accuracy to which the temperature of the reservoir
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can be measured. Shown in Fig. 39 is a schematic of the electroformed collision
chamber and cesium reservoir system. The cesium reservoir in this schematic is
shown in a sectional view. A more detailed view of the actual physical chamber
and reservoir system can be seen in Fig. 37. A large copper block with cooling
coils embedded in the lower side, as shown in the schematic in Fig. 39, was used

as the base of the cesium reservoir. This copper base was sealed to the stainless
steel sidewalls of the reservoir with a knife-edge seal. By this technique all
small pockets or enclosures were eliminated from the inner surface of the reser-
voir. Two platinum resistors, which were used for temperature sensing, were
located approximately one-eighth inch from the top of the copper surface. Plati-
num resistors rather than thermocouples were used because of the higher resolution
and accuracy that can be achieved in the operating temperature range of the meas-
urements with platinum resistors. The platinum resistors were calibrated in the
block in an isothermal condition against a calibration temperature transfer stand-
ard which was a quartz vibrating crystal that had been previously calibrated over
the operating range of interest against seven triple points by the supplier and
two triple points at the Laboratories. It was felt that this calibration procedure
was warranted, since small errors in the temperature determination on the order of
0.1°C can result in major errors in the determination of the true cesium pressure
existing in the collision chamber. A better appreciation of the errors in the
pressure determination based on the temperature of the reservoir can be obtained
from the error analysis presented in Fig. 27. To eliminate previously expcrienced
problems with control of the temperature of the cesium feed tube, which was used
to introduce cesium into the reservoir, an entirely different approach was taken.
Cesium was introduced through a small hole in the sidewall of the cesium reservoir
with a hypodermic tube. After introduction of the cesium into the reservoir, the
hypodermic tube was removed entirely from the reservoir system and maintained at
an extremely low temperature. The small hole in the sidewall of the reservoir
was closed through the use of a spring-actuated trap door.

3. Measurements and Results

With the system outlined in the previous sections, it has been possible
to focus electron beams with energies as low as 0.09 eV through the electroformed
collision chamber. Shown in Figs. 40 through 46 are typical electron energy dis-
tributions obtained with this system over the energy range from thermal to 2.5 eV.
These distributions were obtained prior to introduction of cesium into the col-
lision chamber reservoir of the system. After introduction of cesium into the
system, it was found that the focusing characteristics of both the electron gun
optics, as well as the electron multiplier optics, were drastically changed. This
result was not entirely unexpected, since it was anticipated that various electrode
surfaces would change work function upon adsorption of cesium, even though the
operating pressure levels in the external parts of the vacuum system were in the
10-8 m regime. Current levels in the electron system were found to be several

orders of magnitude higher than ion beam current levels at comparable energies.
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This can partially be attributed to space-charge limitation effects. However, it
is also felt that the improvement in optics of the electron system, as well as
the extremely uniform energy-analyzing fields used in this system, has also con-
tributed to this increased current level.

In attempts to measure the total collision cross section, it was found
that the electron current measured at the detector did not decrease in an expo-
nential manner with pressure increases in the chamber as would be predicted by
Eqe 16. 1In a detailed investigation of this problem, it was found that even
though the collision chamber was operated in the range of 100 to 200°C above the
cesium reservoir temperature, significant adsorption of cesium was occurring on
the face of the collision chamber and isothermal heating block. This adsorption
of cesium reduced the work function of the isothermal block and collision chamber
and resulted in a small but finite amount of thermionic emission. This emission,
which was found to be a strong function of cesium pressure, was sufficient to mask
to a great extent the effects of scattering interactions occurring between the
electron beam and the neutral cesium within the collision chamber. Even though
the magnitude of the thermionic emission from the collision chamber block was
found to be completely reproducible, it was not deemed advisable to attempt to
obtain a calibration of this emission current and then simply subtract this fram
the total magnitude of the electron current detected at the multiplier. At
present o overcome this problem, phase-sensitive-detection techniques are being
employed to detect the electron beam current,which is modulated by applying an
ac potential to the cathode surface, in the presence of a high or comparable
background electron current being emitted from the collision chamber. The dis-
covery of this effect which certainly should be present in any experiment of
this nature raises further questions about the validity of earlier measurements.
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COMPARISON OF AVAILABLE EXPERIMENTAL DATA IN
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TABLE II

EXPLANATION OF SYMBOLS USED IN FIG. 7

Degree of Isnization Investigators and Symbols Used in Fig., 7T
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Langpspe ( @ ), Mirlin, et al. ( @ ), Rufeh, et al.

(@ ), Wilkins and Gyftopoulos ( @ ), Roehling ( @ ).
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1 x 1072 Boeckner and Mohler ( ¥V ), Terlouvw ( ¥ ).
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X- RAY OF ELECTRO- FORMED COLLISION CHAMBER
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TYPICAL NEUTRAL ATOM FLUX SPATIAL DISTRIBUTION
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CALCULATED DIFFERENTIAL SCATTERING CROSS SECTION
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NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION
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E-920243 -27 FIG. 41

NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 0.140 ev
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NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 0.423 ev
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E-920243 -27 FIG. 43

NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 0.520 eV
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E-920243 27 ' FIG. 44

NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 1.73 eV
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E-920243 -27 | FIG. 45

NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = [.96 eV
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E-920243-27 FIG. 46

NORMALIZED ELECTRON BEAM ENERGY DISTRIBUTION

PEAK ENERGY = 2.47 eV
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